We describe a novel immobilization technique to investigate interactions between immobilized gangliosides (GD3, GM1, and GM2) and their respective antibodies, antibody fragments, or binding partners using an optical biosensor. Immobilization was performed by direct injection onto a carboxymethyldextran sensor chip and did not require derivatization of the sensor surface or the ganglioside. The ganglioside appeared to bind to the sensor surface by hydrophobic interaction, leaving the carbohydrate epitope available for antibody or, in the case of GM1, cholera toxin binding. The carboxyl group of the dextran chains on the sensor surface did not appear to be involved in the immobilization as evidenced by equivalent levels of immobilization following conversion of the carboxyl groups into acyl amino esters, but rather the dextran layer provided a hydrophilic coverage of the sensor chip which was essential to prevent nonspecific binding. This technique gave better reactivity and specificity for anti-ganglioside monoclonal antibodies (anti-GD3: KM871, KM641, R24; and anti-GM2: KM966) than immobilization by hydrophobic interaction onto a gold sensor surface or photoactivated cross-linking onto carboxymethydextran. This rapid immobilization procedure has facilitated detailed kinetic analysis of ganglioside/antibody interactions, with the surface remaining viable for a large number of cycles (>125). Kinetic constants were determined from the biosensor data using linear regression, nonlinear least squares and equilibrium analysis. The values of k d , k a , and K A obtained by nonlinear analysis (K A KM871 = 1.05, KM641 = 1.66, R24 = 0.14, and KM966 = 0.65 × 10 7 M -1 ) were essentially independent of concentration and showed good agreement with data obtained by other analytical methods.
Introduction
Gangliosides are neuraminic acid containing glycosphingolipids present in the plasma membrane of all animal cells, composed of a sialyl-oligosaccharide glycosidically linked to ceramide (Wiegandt, 1985) . The lipophilic ceramide portion is anchored in the lipid bilayer and the hydrophilic carbohydrate region is exposed to the outer environment of the cells. While their physiological function is largely unclear, altered ganglioside biosynthesis has been observed during malignant transformation in many tumors (Hakomori, 1985) . The gangliosides GD3, GD2, and GM2 expressed in malignant melanoma and other types of cancer appear to be attractive targets for specific immunotherapy with monoclonal antibodies and vaccines (Oettgen and Old, 1991; Ritter and Livingstone 1991) . GD3 is of particular interest because it is abundantly expressed on the cell surface of >90% of melanomas (Pukel et al., 1982; Scott and Cebon 1997) .
Clinical trials with a murine anti-GD3 monoclonal antibody R24 have been conducted in patients with melanoma, and have demonstrated responses in a small number of patients (Houghton et al., 1985; Welt et al., 1987; Balch et al., 1993) . Repeated treatment has been limited by immune responses (HAMA) to the murine antibody; however, a chimeric version of R24 has been constructed, which retains immune effector function but has a lower level of binding to GD3 than its mouse counterpart (Chapman et al., 1994) . A novel murine anti-GD3 antibody KM641 has also been developed, and has been shown to have potent immune effector function (complement-dependent cytotoxicity (CDC) and antibody-dependent cellular-cytotoxicity (ADCC)) against GD3 expressing melanoma cells . A chimeric humanized version of KM641 (KM871) has been produced (Shitara et al., 1993 , which has more potent immune effector function than KM641, and induces inhibition of melanoma xenograft growth. KM871 is currently being developed for clinical trials in patients with metastatic melanoma.
As part of the development of antibodies for immunotherapy, it is important to determine their binding characteristics with the appropriate antigen. Measurement of antibody binding affinity is a key element in the process development of constructs for clinical trials, in view of the potential changes in affinity induced by purification and conjugation procedures. In addition, antibody engineering strategies that preferentially select constructs of varying molecular sizes with optimal rapid on rates and slow off rates to antigen targets are dependent on an accurate technique for determining these parameters. However, the evaluation of binding kinetics for anti-GD3 antibodies (R24, KM641, KM871) with conventional assays such as solid phase assays or cell binding assays using radiolabeled antibody has been problematic due to increased binding of anti-GD3 antibodies to GD3 positive cells in the presence of excess unlabeled anti-GD3 antibody (Chapman et al. 1990 ). The mechanism of this effect is unclear and has been suggested to be due to homophilic binding of IgG variable domains (Chapman et al. 1990) , although the low affinity of anti-GD3 antibodies may also contribute to these observations. The inability to perform accurate affinity assays with these standard methods has led to the search for more sophisticated methods of affinity analysis. Recent advances in biosensor technology (Malmqvist, 1993 ) have led to the development of an optical biosensor (BIAcore) using the detection principal of surface plasmon resonance (Liedberg et al., 1993) capable of measuring binding interactions in real time as well as allowing detailed analysis of complex reaction kinetics (Karlsson et al., 1991; O'Shannessy et al., 1993) . These analyses yield both rate and affinity constants which are not readily attainable by classical techniques. Binding studies are performed by covalently attaching one interactant (monoclonal antibody (mAb), protein, peptide or DNA) onto the sensor (Löfas and Johnsson, 1990) and flowing reagents of interest over this surface.
The study of lipid-protein interactions using surface plasmon resonance detection following the immobilization of lipid-binding proteins has been reported recently Machesky et al., 1994; James et al., 1995; Rajaram and Sawyer, 1996) . However, immobilization chemistries designed specifically for proteins and peptides cannot be readily transferred to direct lipid immobilization. Alternative methods are therefore required. We present herein a technique for direct ganglioside attachment to the conventional CM5 carboxymethyldextran sensor chip, forming a stable surface, without either prior derivatization of the ganglioside or incorporation of the ganglioside into liposomes. We have analyzed the kinetics of the interaction between immobilized gangliosides and related monoclonal antibodies and antibody fragments or other binding partners.
Results

Immobilization strategies
In an attempt to immobilize the ganglioside by hydrophobic interaction, GD3 (1 mg/ml in ethanol, diluted 1/3 (v/v) in HBS buffer) was directly injected at 2 µl/min over a gold sensor surface (Pioneer chip J1, partial hydrophobic character). The resultant sensorgram indicated that GD3 bound onto the gold surface (a response of 810RU corresponding to ∼0.97ng/mm 2 ; Table I ); this assumes a refractive index increment of 0.15 for gangliosides, based on a refractive index increment of 0.15 for carbohydrates and 0.14 for lipids (Armstrong et al., 1947) , rather than the more generally quoted refractive index increment of 0.18 for proteins (Karlsson et al., 1991) . This surface gave good reactivity resulting in a molar binding activity (Johnsson et al., 1991; Catimel et al., 1997) of 0.10 with anti-GD3 KM871 IgG and 0.07 with KM641 IgG (Table I) . However, considerable nonspecific binding was observed on the control channel (Table I), suggesting incomplete, or ineffectual, blocking of residual hydrophobic sites by BSA. Furthermore, in the case of antibodies such as KM641, showing strong non-specific interaction with the blank channel, virtually no dissociation of antibody from the immobilized GD3 was observed during the dissociation phase (apparent k d = 8.8 × 10 -5 s -1 , data not shown). A similar apparent dissociation rate was observed on the control channel, suggesting that nonspecific interaction with the gold surface was occurring (results not shown). Complete antibody dissociation and regeneration of the surface at the end of each cycle could only be achieved using 10 mM sodium hydroxide, but this was also found to partially remove the immobilized GD3 from the gold surface and thereby modify the level of immobilization.
Covalent immobilization of GD3 by photoactivated cross-linkage onto the CM5 sensor chip resulted in relatively high ganglioside immobilization (1500RU, equivalent to 1.8 ng/mm 2 , Table I ) but gave poor molar binding activity with KM871 and KM641 monoclonal antibodies (0.008 and 0.009, respectively; Table I ).
We next investigated whether the CM5 sensor chip could be used for direct ganglioside immobilization. Injection of GD3 (60 µl at a flow rate of 5 µl/min, Figure 1A , signal a1) onto a nonactivated carboxymethyldextran sensor chip, followed by extensive washing with 10 mM NaOH (typically four or five washes of 20 µl at a flow rate of 5 µl/min) until a stable baseline was obtained, resulted in a low level of GD3 immobilized (78RU, Figure 1 ). Injection of KM871 IgG (100 µg/ml, 30 µl at a flow rate of 5 µl/min) resulted in a response of 989RU ( Figure 1A , signal a2). A molar binding activity of 0.12 was calculated. At the end of the injection phase, when buffer alone flowed over the sensor surface, dissociation was apparent. Complete dissociation of the antibody/GD3 interaction and surface regeneration could be achieved using 10 mM NaOH. Reinjection of the KM871 IgG resulted in a similar signal (1006RU, Figure 1A , signal a3), demonstrating that the regeneration conditions did not affect the ganglioside surface. However, injection of the detergent n-octyl β-d glucopyranoside (80 mM, 50 µl at 5 µl/min) ( Figure 1A , signal a4) removed ∼31% of the immobilized GD3 with a concomitant reduction in binding when rechallenged with the KM871 antibody (from 1006RU to 629RU, Figure 1A , signal a5). A second detergent wash removed a further 16% of immobilized GD3 (data not shown). Injection of 20% (v/v) n-propanol/water removed immobilized GD3 in a similar manner and also resulted in reduced KM871 binding on rechallenge with the same sample (data not shown). Taken together these results are compatible with a hydrophobic mechanism for the immobiliz-ation of the ganglioside onto sensor chip CM5. After further washes with n-octyl β-d glucopyranoside, the level of KM871 binding was reduced to 430RU ( Figure 1B, signal b1) . However, reinjection of GD3 (50 µl, 1 mg/ml in 100% ethanol diluted 1/3 v/v in HBS buffer) at a flow rate of 5 µl/min ( Figure 1B , signal b2) resulted in further immobilization of GD3 (86RU immobilized). This new surface gave a proportionally increased signal with KM871 IgG (1239 RU, Figure 1B , signal b3). Thus, levels of immobilization could be readily modulated. All levels of immobilization tested (30-160 RU) showed significant reactivity resulting in higher molar binding activities for anti-GD3 antibodies (0.13 for KM871 IgG, 0.17 for KM641 IgG, Table I ) compared with GD3 immobilized onto the gold sensor surface of chip J1 (Table I) . Furthermore, virtually no nonspecific binding was observed on the corresponding blank channel and a blocking step was not necessary. The molar binding activity was independent of surface loading (Table I ). Low surface loadings were used for kinetic experiments to minimize mass transport effects (Glaser, 1993) .
A similar level of immobilization (0.07 ng/mm 2 ) and molar binding activity (0.14 for KM871 IgG) was obtained when GD3 was bound to a CM5 sensor chip which had been reacted previously with ethanolamine using NHS/EDC chemistry (Table  I ). This result suggests that the carboxymethyldextran sites were not involved in ganglioside immobilization.
Following the initial washing of the sensor surface with 10 mM NaOH, no further GD3 dissociation from the CM5 chip occurred during the 10 mM NaOH regeneration step, and no surface denaturation was evident as shown by equivalent signals on 50 consecutive cycles of antibody injection (667 nM) followed by surface regeneration ( Figure 1C , signals c1-c50). These injections gave an average signal of 1520 RU with a standard deviation of 8.5RU, demonstrating the stability of the surface to both sodium hydroxide regeneration and continued use. Indeed, the same surface has been used for more than 125 consecutive runs with virtually no change in reactivity.
Characterization of ganglioside solutions
To confirm that the gangliosides were still soluble as monomers in the ethanol/saline (1:2 v/v) solution used for immobilization, samples were analyzed by micropreparative size exclusion HPLC using a Superdex Peptide column (separation range 100-7000 M r for peptides, 160-6000 M r for polyethylene glycols), using the ethanol/saline solution as the mobile phase. Eluant fractions were analyzed using the biosensor with immobilized antibody, or BCT in the case of GM1, to detect eluting gangliosides. Gangliosides eluted close to the column volume in freshly prepared solutions (retention time 18-20 min, Vc = 20.5 min), suggesting that monomeric forms of the ganglioside were used for immobilization. By comparison, a sample which had been stored frozen in the ethanol/saline (1:2 v/v) solution showed significant material eluting close to the void volume (9 min).
Surface specificity GD3 immobilized surface. To evaluate the specificity of the GD3 immobilized surface (CM5 sensor chip), a panel of anti-GD3 monoclonal antibodies and nonrelated control monoclonal antibodies were injected over either GM1, GM2 or GD3 immobilized by hydrophobic interaction, a nonderivatized blank channel or a blank channel blocked with ethanolamine using the NHS/EDC chemistry (Table II) . The anti-GD3 antibodies (KM871 IgG and Fab′, KM641 IgG and R24 IgG) were found to bind specifically Injection of 60 µl GD3 (1 mg/ml stock solution in ethanol, diluted 1/3 in HBS buffer) at a flow rate of 5 µl/min. The maximum signal (off scale) was 32165RU. R: Injection of 20 µl of 10 mM NaOH (dissociation antibody/GD3 interaction). a2: Injection of 30 µl KM871 IgG (100 µg/ml, response 989RU). a3: Injection of 30 µl KM871 IgG (100 µg/ml, response 1006RU). a4: Injection of 50 µl of 80 mM n-octyl β-d glucopyranoside (the maximum signal was 18760RU). a5: Injection of KM871 IgG (100 µg/ml) giving a response of 629RU, demonstrating removal of GD3 from the sensor surface by n-octyl β-d glucopyranoside (cf. a2, a3). (B) Reimmobilization of GD3 following desorption with n-octyl β-d glucopyranoside. b1: Injection of 30 µl KM871 IgG (100 µg/ml, flow rate 5 µl/min) following four detergent washes (response 430 RU). R: Injection of 20 µl of 10mM NaOH. b2: Injection of 50 µl GD3 (1 mg/ml stock solution in ethanol, diluted 1/3 in HBS buffer). The maximum signal (off scale) was 32300RU. b3: Injection of 30 µl KM871 IgG (100 µg/ml, response 1239RU). (C) Stability of the GD3 surface to repetitive cycles of injection/desorption. c1-50: Fifty repetitive injections of 30 µl KM871 IgG (100 µg/ml) were performed over GD3 ganglioside immobilized onto CM5 sensor chip by hydrophobic interaction (120RU immobilized). R: Following each cycle of binding and dissociation, the surface was regenerated by injection of 20 µl of 10 mM NaOH at a flow rate of 20 µl/min.
to immobilized GD3, but not significantly to immobilized GM1 or control channels (Table II) . The anti-GM2 KM966 IgG as well as other control IgGs (A33 IgG, anti-GM-CSF IgG) did not bind significantly to immobilized GD3, GM1, or to the blank channels. Murine A33 IgG IgG2a 2 ± 0.5 2 ± 0.4 2 ± 0.3 3 ± 0.7 1 ± 0.4
Murine anti-GM-CSF IgG IgG1 6 ± 1.9 12 ± 1.2 12 ± 3.3 12 ± 1.2 11 ± 1.2
Chimeric KM871 Fab′ IgG1/IgG3 7 ± 0.6 2 ± 1.2 699 ± 13
Anti-GD3 mAbs (KM871, KM641, R24), anti-GM2 mAb (KM966) and control mAbs (anti-colonic antigen A33, anti-granulocyte macrophage colony stimulating factor (GM-CSF)) were injected (30 µl, 150 µg/ml) over immobilized GM1, GM2, GD3, blank channel (carboxymethyl dextran) or mock-derivatized channel (ethanolamine immobilized using NHS/EDC). Specific binding of anti-GD3 and GM2 monoclonal antibodies is highlighted. Four experiments were used to calculate mean and SD. KM871 IgG (100 µl, 100 µg/ml in HBS buffer) was incubated for 30 min with various concentration of ganglioside GM1 or GD3 or with buffer alone. After incubation, an aliquot (30 µl) was injected at a flow rate of 5 µl/min over immobilized GD3. The percentage inhibition was calculated by comparison to the response obtained with KM871 IgG incubated with buffer alone.
To further demonstrate the specificity of the GD3/anti-GD3 mAb interaction, competition experiments were also performed in which KM871 IgG (1 µg) was incubated with GM1 or GD3 ganglioside prior to injection (Table III) . The interaction between KM871 IgG and immobilized GD3 was inhibited in a dose dependent manner by GD3, although some apparent inhibition by GM1 ganglioside was also noted. Competition with GD3 (1, 2, and 3 µg) inhibited the binding by 41%, 62%, and 74%, respectively (Table III) . By contrast, competition with similar amounts of GM1 resulted in inhibition of 7%, 16%, and 19% (Table III) . Competition with higher ganglioside levels (4 and 5 µg) showed a maximal inhibition by GD3 of ∼85% (Table III) . In comparison, incubation with similar amounts of GM1 gave a maximal inhibition of 20-22% (Table III) .
GM2 immobilized surface.
The responsiveness of the GM2 surface, immobilized by hydrophobic interaction onto the CM5 sensor chip, was also tested against the panel of monoclonal antibodies (Table II) . Significant binding was only observed with the corresponding anti-GM2 mAb, KM966. (Table II) , the GM1 surface was not recognized by anti-GM2 and anti-GD3 antibodies. To confirm that the surface was viable, it was tested with The gangliosides GM1, GM2, and GD3 were immobilized by hydrophobic interaction on parallel channels on a CM5 sensor chip as described in Materials and methods. The fourth channel was an underivatized blank. BCT (30 µl, 50 µg/ml) was injected over the surfaces at a flow rate of 5 µl/min. (B) Scatchard analysis of the interaction between BCT and GM1 immobilized by hydrophobic interaction. Data were obtained from the equilibrium binding responses from two independent experiments using concentrations of GM1 from 150-1620 nM. Figure 3E ) were injected (30 µl) at a flow rate of 5 µl/min over the GD3 ganglioside which had been immobilized onto the CM5 sensor surface via hydrophobic interaction, as described in Materials and methods. The sensorgrams shown have been subtracted with the corresponding signal obtained when the same sample was passed over a control channel generated by immobilization of GM1 onto sensor chip CM5 via hydrophobic interaction. The sensorgrams obtained with varying concentrations of KM871 Fab′ (2000-31.2 nM) over the control channel are shown in Figure 3F . cholera toxin B chain (BCT), a paradigm for protein-sugar interactions (Kuziemko et al., 1996) . Varying concentrations (1620-150 nM) of BCT were injected over GM1 immobilized onto the CM5 surface by hydrophobic interaction, or a nonderivatized blank channel. BCT was shown to bind specifically to immobilized GM1 but not significantly to GM2, GD3, or the control channel (Figure 2A ).
GM1 immobilized surface. As shown above
Kinetic analysis of the interaction between GD3 and anti-GD3 mAbs
Having demonstrated both the specificity and reactivity of sensor surfaces on which ganglioside GD3 had been immobilized by hydrophobic interaction, we analyzed the binding kinetics of a panel of anti-GD3 monoclonal antibodies. Varying concentrations of HPLC purified KM641 IgG (667-67 nM, Figure 3A ), KM871 IgG (667-67 nM, Figure 3B ), R24 IgG (667-67 nM, Figure 3C ), KM871 F(ab)′ 2 (667-133 nM, Figure 3D ), and KM871 Fab′(2 µM to 31.2 nM, Figure 3E ) were injected at a continuous flow of 5 µl/min over the sensor surface. Using the fluidics of the BIAcore 2000, the sample was also injected sequentially over a parallel channel with immobilized GM1 which served as a control to distinguish both refractive index and nonspecific binding events. The very low nonspecific binding observed when KM871 Fab′ was injected over the GM1 control channel is illustrated in Figure 3F . Similar low nonspecific binding was observed with the other antibodies. The signal obtained on the control channels was subtracted electronically from the corresponding binding curves obtained with the GD3 channel prior to kinetic analysis.
It has been shown recently that the method of analysis can influence interpretation of complex binding kinetics (Morton et al., 1995; Nice et al., 1996; Schuck and Minton, 1996) . The apparent association (k a ) and dissociation rate constants (k d ) and affinity constant, K A , were therefore determined from the binding curves following linearization of the primary data (LR) (Karlsson et al., 1991 Nice et al., 1996) , nonlinear least squares analysis (NLLS) (O'Shannessy et al., 1993) , and analysis at equilibrium (Karlsson et al., 1991; Nice et al., 1996) (Table IV) .
Linear analysis (LR).
The k a and k d were determined following linear transformation of the primary data shown in Figure 3 . To determine regions of the curve where kinetic data could be readily extracted, and to avoid areas which might be influenced by mass transport effects (Glaser, 1993) , rebinding Payne et al., 1993) or complex multi-order kinetics (Karlsson et al., 1994; Schuck and Minton, 1996) , regions were selected from the sensorgrams which were linear with respect to plots of ln(abs(dR/dt)) versus t (Kuziemko et al., 1996; Nice et al., 1996) . Values of k a = 4.41 × 10 5 M -1 s -1 and k d = 6.9 × 10 -2 s -1 were found for KM871 IgG ( Figure 4A ). However, the k d value obtained from LR analysis of the association phase, which is obtained from the intercept of the y-axis, can be prone to error, particularly when the k d values are low (Chaiken et al., 1992) since k d is usually small in relation to k a C, and slight errors in the slope will have large effects on the measured intercept. The k d was therefore also determined at each individual concentration by analysis of the dissociation phase data (Karlsson et al., 1991; Nice et al., 1996) . Values ranging from 3.03 × 10 -2 s -1 to 3.40 × 10 -2 s -1 (average 3.2 × 10 -2 s -1 , Table IV) Table IV .
Equilibrium analysis (EQ).
The K A was also derived directly from analysis of equilibrium binding data. The plot of Req/nC versus Req for KM871 IgG is shown in Figure 4B , indicating a K A of 4.76 × 10 6 M -1 . The K A values obtained by equilibrium analysis for the other antibodies tested are shown in Table IV .
Nonlinear least squares analysis (NLLS).
The apparent binding constants were derived using a double exponential form of the rate equation (O'Shannessy et al., 1993) applied to the total association or dissociation phase. This type of analysis results in two values for the dissociation phase (k d1 and k d2 ) and also for the association phase (k a1 and k a2 ). However, the relative amplitudes obtained from this analysis suggested than one set of values, corresponding to k a1 and k d1 , predominated. Similar results were obtained at higher flow rates (up to 50 µl/min), suggesting that mass transfer effects were minimal. A single exponential fit of the binding data over regions which were linear for plots of ln(abs(dR/dt)) versus t (i.e., those regions which had been used for LR analysis) gave similar values to those calculated for the predominant interaction (data not shown). Examples of NLLS fitting for the interaction between immobilized GD3 and KM871 IgG at 667 nM using a double exponential function are shown in Figure 4C (dissociation phase fitting) and Figure 4D (association phase fitting), in which the values of k d1 and k d2 obtained from the dissociation phase analysis ( Figure 4C ) have been used to constrain the analysis (O'Shannessy et al., 1993) . The k a1 and k d1 values were determined at each concentration tested, and the average values reported in Table IV ). This resulted in a principal affinity constant, K A1 , of 1.05×10 7 M -1 (Table IV) . LR, Linear regression analysis; EQ, Scatchard analysis of equilibrium binding; NLLS, nonlinear least squares regression analysis. K A1 (bold) is the predominant association constant for the interaction indicated from the relative amplitudes obtained by nonlinear least squares regression analysis using a double exponential form of the rate equation (O'Shannessy et al., 1993) . K A2 routinely accounted for less than 10% of the total interaction. All the antibodies were against GD3 except the anti-GM2 antibody, KM966. et al., 1993) . k d1 and k d2 were determined initially by analysis of the dissociation phase of the sensorgram (Fig. 4C ) and used to constrain the analysis of the association phase (O'Shannessy et al., 1993) . The correlation, χ 2 , between the experimental (solid line) and fitted data (circles), is indicated.
Similar analysis for KM641 IgG, the murine counterpart of chimeric KM871, showed a predominant dissociation rate k d1 = 0.019 s -1 and association rate k a1 = 3.15 × 10 5 M -1 s -1 (Table IV) , resulting in a K A1 = 1.66 × 10 7 M -1 (Table IV) . For murine R24 IgG, the calculated k d1 and k a1 were 0.028 s -1 and 0.39 × 10 5 M -1 s 1 , respectively. The slower association rate resulted in a lower K A1 = 0.14 × 10 7 M -1 (Table IV) .
The kinetics of binding of KM871 antibody fragments (Fab)′ 2 and Fab′ to immobilized GD3 were also investigated (Table IV) . The KM871 F(ab)′ 2 and Fab′ fragments displayed a lower K A1 (0.78 × 10 7 M -1 and 0.12 × 10 7 M -1 , respectively) compared to the corresponding KM871 IgG (1.05 × 10 7 M -1 ) due in the main to the faster dissociation rate constants (0.071 s -1 and 0.270 s -1 , respectively, compared to 0.045 s -1 for IgG).
Kinetic analysis of the interaction between GM2 and anti-GM2 mAb, KM966
Similar methods were used to analyze the interactions between anti-GM2 mAb KM966 and the ganglioside GM2 immobilized by hydrophobic interaction. Good correlation was observed between LR, NLLS, and EQ data (Table IV) . Again the values were concentration independent and were not affected by increasing flow rate, suggesting that mass transfer effects were minimal.
Kinetic analysis of the interaction between GM1 and BCT
The association and rate constants for the interaction between GM1 and BCT were investigated using the methods described above. For these calculations it was assumed that BCT was a pentameric complex with a valency of 5 and a M r of 55,000 (Gill, 1976) . Equilibrium analysis ( Figure 2B ) indicated a K A = 5.3 × 10 6 M -1 . A maximum binding of 2060RU was indicated from the intercept on the x-axis. However, interrogation of the sensorgrams using the plot of ln(abs(dR/dt) versus t indicated that the reaction kinetics were complex. LR and NLLS analysis of the regions which were linear with respect to ln(abs(dR/dt)) versus t suggested a k a of 9.7 × 10 4 M -1 s -1 and a k d of 2.6 × 10 -4 s -1 giving a K A of 3.8 × 10 8 M -1 . By comparison, NLLS of the total dissociation phase using the double exponential function suggested that there was an initial fast off rate (1.3 × 10 -2 s -1 ) which accounted for less than 3% of the dissociation while the remainder of the curve was fitted by a k d of 5.8 × 10 -5 s -1 . This latter figure resulted in an apparent K A1 of 1.5 × 10 9 M -1 .
Discussion
We have investigated the kinetic interaction of purified anti-ganglioside mAbs with their ganglioside antigens. The ganglioside, rather than the mAb, was immobilized onto the sensor surface because: (1) the smaller M r analyte is immobilized which facilitates detection; (2) gangliosides form micelles in aqueous solution which preclude molecular mass assignment for kinetic analysis; (3) phase transfer effects associated with micelles or liposomes are avoided.
The carbohydrate moiety of the ganglioside, which projects from the bilayer lipid membrane of tumor cells, is the target for anti-ganglioside monoclonal antibody binding (Ritter and Livingstone, 1991) . Ideally, the ganglioside should be immobilized onto the sensor surface via the lipid portion of the molecule, leaving the carbohydrate residues accessible for antibody binding, in an orientation analogous to that found in the cell membrane (Hakomori, 1985; Wiegandt, 1985) . Immobilization of GD3 onto the sensor surface via carbohydrate using aldehyde coupling (Löfas et al., 1995) , as would be anticipated, completely abolished the reactivity toward KM871 IgG (results not shown).
Lipid vesicles have been previously immobilized onto sensor chip surfaces using thiol coupling (Lang et al., 1992 (Lang et al., , 1994 Erdelen et al., 1994) , biotin/streptavidin interaction (Masson et al., 1994; Stachowiak et al., 1996) , covalent immobilization using a photoactive cross-linker (Stein and Gerish, 1996) or capture attachment using immobilized monoclonal antibodies (MacKenzie et al., 1997) . Hydrophobic interaction has also been used to immobilize lipids onto a carboxymethydextran coated chip derivatized with alkylamine (Stein and Gerish, 1996) or onto a gold surface coated with a hydrophobic self-assembled monolayer of octadecanethiol (Plant et al., 1995) , although this surface appeared to have only limited stability. While earlier studies were performed using stripped and modified carboxymethyldextran surfaces (Kuziemko et al., 1996; Stein and Gerish, 1996) a hydrophobic sensor chip composed of long chain alkanethiol groups linked to the gold sensor surface is now commercially available (HPA, Pharmacia Biosensor). This chip has been recently used in the study of the interaction between gangliosides and cholera toxin (Kuziemko et al., 1996) . Gangliosides were incorporated in lipids (e.g., POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) prior to immobilization onto sensor chip HPA or a gold surface (Kuziemko et al., 1996) .
Alternative strategies which require minimum manipulation to directly attach the GD3 molecule to the sensor surface, in a hydrophobic manner, via the lipid portion of the molecule have been investigated. These were compared with covalent attachment using photoactivated crosslinking which resulted in relatively high levels of ganglioside immobilization but low specific molar binding activity toward anti-GD3 monoclonal antibodies (Table I ). This may be due to nonselective reaction of aryl nitrene groups in the formation of covalent bonds that may induce multiple orientations of the GD3 molecule onto the sensor surface and hence reduce the accessibility of the carbohydrate binding domains. Furthermore, to achieve this immobilization, which was performed manually outside the biosensor, GD3 was immobilized over the whole sensor surface. A different sensor chip was required for each surface, negating the advantage of the BIAcore 2000 to perform simultaneous analysis with the same sample using up to four channels and including appropriate controls.
In our initial investigation on hydrophobic immobilization of GD3, the experiment was performed in a manner analogous to trace enrichment in HPLC, without the requirement of incorporating the ganglioside molecule into liposomes. A gold sensor surface (Pioneer Chip J1) was chosen because of reduced hydrophobic character compared to sensor chip HPA in the hope that, whilst it would be compatible with hydrophobic attachment, subsequent nonspecific binding would be reduced. However, complete blockage of the remaining hydrophobic sites following GD3 immobilization was found to be problematic.
While optimizing preconcentration conditions for the covalent immobilization of GD3 onto the CM5 sensor chip using photoactivated crosslinking, it was observed that the GD3 ganglioside was binding to the CM5 surface in the absence of immobilized cross-linker. We therefore decided to investigate GD3 binding onto the CM5 chip following the protocol used for GD3 immobilization onto the gold surface. The molar binding activity observed with anti-GD3 antibodies was greater than for GD3 immobilized by photoactivated cross-linkage ( Table I ), suggesting that the ganglioside was immobilized with the carbohydrate epitopes accessible to the antibody.
This GD3 surface was shown to be stable to the regeneration conditions chosen (10 mM NaOH, pH 11.5) and was suitable for multiple analyses (>125). However, immobilized GD3 could be removed by a pulse of detergent (80 mM n-octyl β-d glucopyranoside) ( Figure 1B ) or 20% n-propanol, suggesting the hydrophobic character of the immobilization. Electrostatic interactions were unlikely to occur because the immobilization of gangliosides onto the sensor surface was performed at pH 7.4, under which conditions the carboxyl groups of the dextran chains are negatively charged. At this pH, the carboxyl groups would be fully ionized and electrostatic repulsion between dextran and the sialic acid groups of the ganglioside (negative charge at pH 7.4) would be maximum. The lack of charge based interactions was supported by the observation that high concentrations of NaCl (up to 2 M) or MgCl 2 (4 M) were ineffectual in desorbing bound ganglioside. The fact that the carbohydrate epitopes were available for antibody binding further reinforced the concept that immobilization was by hydrophobic interaction of the non polar ceramide chain of the ganglioside molecule and not via the polar heads of the molecule composed of sialy-oligosaccharides. Furthermore, the level of GD3 immobilization was similar when GD3 was sequentially injected over a nonderivatized channel or a channel in which the carboxyl groups had been transformed into acyl amino esters using NHS/EDC chemistry followed by reaction with ethanolamine. This chemistry has been shown to convert ∼30-45% of the carboxyl groups (Cullen et al., 1987/8) and would have significantly reduced the level of GD3 immobilized if these groups were directly involved in a GD3/dextran interaction.
A positive characteristic of hydrophobic immobilization on the CM5 sensor chip was that, in marked contrast to the gold surface, negligible levels of nonspecific binding were observed obviating the requirement for a blocking step. The carboxymethyldextran layer seemed to provide a hydrophilic coverage of the sensor chip which minimized nonspecific binding. The ganglioside probably binds to discrete hydrophobic sites on the sensor surface, either available sites on the dextran/alkylthiol layer or the gold surface itself (Löfas and Johnsson, 1990) . This is in some ways analogous to the stable hydrophobic binding of gangliosides reported with some chromatographic supports. Ganglioside GM3 has been bound in a stable hydrophobic manner to octyl-Sepharose (low level binding, removal by organic solvent) and used as an affinity matrix (Hirabayashi et al., 1983) . Gangliosides have also been found to bind via hydrophobic and electrostatic interaction (via the carboxyl of the sialyl groups) onto positively charged DEAE-Sepharose (high level binding, removal using salt containing buffers; Rodriguez and Cumar, 1990) . This DEAESepharose-ganglioside complex was used for the immunopurification of anti-ganglioside antibodies (Rodriguez and Cumar, 1990) .
Surface specificity was demonstrated using a panel of monoclonal antibodies and BCT, for which GM1 is the major receptor (MacKenzie et al., 1997) . Competition studies, performed on immobilized GD3, also indicated specific binding, although some competition was observed with GM1 (up to 22%). Additionally the maximum inhibition by GD3 was only ∼85% (Table III) . Failure to totally compete binding to ganglioside surfaces has been noted previously (Kuziemko et al., 1996) , which was suggested to be due, in part, to incorporation of soluble ganglioside onto the gold hydrophobic sensor surface used in these experiments. This could also have been a factor in our studies since we noted that a GD3 surface (initially negative for BCT: see Figure 2 ) gave a positive response to BCT after solution competition studies with soluble GM1 had been performed (data not shown). The fact that antibody does not bind directly to immobilized GM1 (see Table II ), but appears to be inhibited by GM1 in solution, could also be due to the fact that immobilization of the hydrophobic ceramide head on the sensor surface renders it unavailable for binding, while in solution hydrophobic interactions are possible.
The stable hydrophobic immobilization of GD3 onto the CM5 sensor chip allowed us to study in detail the interaction between anti-GD3 and GM2 monoclonal antibodies and the immobilized ganglioside antigen. Purified antibody and antibody fragments were analyzed and repurified by micropreparative SEC prior to analysis to ensure homogeneity, which is essential for successful kinetic analysis (Nice et al., 1994 (Nice et al., , 1996 . Kinetic constants were extracted from the sensorgram curves by linear transformation of the primary data (LR), by nonlinear least squares regression analysis (NLLS) and equilibrium binding. The value of the association and dissociation rate constants obtained by LR and NLLS were in good agreement for all antibodies analyzed, suggesting the appropriateness of the models used. The k d1 and k a1 , corresponding to the predominant signal determined by NLLS (as indicated by the relative amplitudes of the signals), using a double exponential function (O'Shannessy et al., 1993) were similar over the range of concentrations tested and showed no significant dependence on flow rate (up to 50 µl/min), suggesting that rebinding and mass transport effects were not significant. Indeed, mass transport effects are possibly reduced by the relatively low levels of immobilization used (Glaser, 1993) which can readily be controlled using this hydrophobic method. The affinity constants, which were also calculated from equilibrium binding data, were in good agreement with those obtained by LR and NLLS.
The affinity constants obtained by biosensor analysis were slightly lower than values previously obtained by enzyme linked immunosorbent assay for R24 IgG (2 × 10 7 M -1 ) (Dippold and Bernhard, 1992) , although for KM641 they were similar to those obtained for by Scatchard analysis of antibody binding to a tumor cell line (5 × 10 7 M -1 ; Ohta et al., 1993) . In the comparative studies using biosensor technology described herein, the KM641 antibody was found to have a higher affinity than R24 IgG. The kinetic analyses suggested that this difference in affinity was mainly due to the slower association rate constant observed for the R24 IgG. In previous studies, the kinetic analysis of the interaction between the anti-ganglioside antibody R24 and GD3 has been further complicated by the reported homophilic binding (Chapman et al., 1990) . This problem, observed in both solid phase assays and binding studies using labeled antibody, could also explain the slight differences in the affinity constants derived using the different techniques. We were unable to demonstrate homophilic binding on the sensor surface when anti-ganglioside antibodies were injected over the corresponding antibody immobilized using several alternative chemistries, or captured by immobilized ganglioside (unpublished observations).
It was of interest to study the effect of chimerization of KM641 IgG on apparent binding rates. The KM871 chimeric IgG was shown to have only marginally lower affinity than the murine antibody due to a faster dissociation constant. The k d was considerably faster for the KM871 F(ab)′ 2 and the KM871 Fab′ fragments as is evident from an inspection of the sensorgrams (cf. Figure 3A ,B and Table IV) . The large increase in the observed k d for the Fab′ fragment was probably due to monovalent binding compared to predominantly bivalent binding for the F(ab)′ 2 . The effect of valency on the dissociation and association rate constants was demonstrated recently by biosensor analysis of the binding of multimeric constructs of scFv fragments of an antibody against the tumor-associated carbohydrate antigen Lewis Y (Rheinnecker et al., 1996) .
By contrast, kinetic analysis of the interaction between the pentameric cholera toxin B subunit and its ganglioside receptor, GM1, was not facile. In particular, different methods of analysis yielded conflicting results, with values of K A ranging from 5.2 × 10 6 M -1 as calculated by EQ to 4.9 × 10 8 M -1 as calculated from the ratio of the rate constants obtained by NLLS using a double exponential function. Interrogation of the primary data using a plot of ln(abs(dR/dt)) versus t was complex, suggesting that multiple interactions were operative. Similar problems have been noted previously for this interaction using biosensor surfaces based on liposome capture techniques (MacKenzie et al., 1997) or self-assembly chemistry (Kuziemko et al., 1996) . Our data are most similar to those of MacKenzie et al. (1997) in that we find the expected surface specificity for the interaction between GM1, GM2, and GD3 with BCT, with a K A between 5.2 × 10 6 M -1 and 4.9 × 10 8 M -1 . By contrast Kuziemko et al. (1996) observed considerable cross reactivity with other gangliosides and a high apparent K A of 2.2 × 10 11 M -1 . High-sensitivity isothermal titration calorimetry (Masserini et al., 1992) gave a K A of 7 × 10 7 M -1 , similar to the values obtained in this study. The pentavalent nature of BCT undoubtedly complicates the analysis of the association and dissociation rate constants. It has been suggested (Kalinin et al., 1995) that, for multivalent interactions, the more correct analysis of functional affinity is obtained by thermodynamic characterization of equilibrium binding.
In conclusion, the BIAcore 2000 biosensor, which uses the optical detection principle of surface plasmon resonance, has been used to study the interaction between gangliosides and their binding partners (monoclonal antibodies or cholera toxin), following direct hydrophobic immobilization of the ganglioside onto a carboxymethyldextran sensor surface. The technique of immobilization is simple, rapid, and reproducible and results in an extremely stable surface. Unlike covalently modified surfaces, the surface can be readily reconditioned and reused. This technique will enable further studies on a range of ganglioside/ antibody interactions and the evaluation of the effect of chimerization or humanization on the relative affinity of monoclonal antibodies prior to the start of clinical studies. This technique should also be applicable for hydrophobic immobilization of other glycosphingolipids, or other amphipathic molecules (e.g., glycerophospholipids, fatty acids, bile acids) in order to perform biosensor studies.
Materials and methods
Biosensor studies
Analyses were performed using a BIAcore 2000 biosensor (Pharmacia Biosensor, Uppsala, Sweden). Carboxymethyldextran coated sensor chip, CM5 (Research grade) and the amine coupling reagents (N-ethyl-N′-dimethylaminopropyl-carbodiimide (EDC), hydroxy-succinimide (NHS) and ethanolamine) were obtained from Pharmacia Biosensor. Sensor chip J (a prototype gold surface with partial hydrophobic character) was a kind gift from Dr. S. Löfas, Pharmacia Biosensor. The gangliosides GM1, GM2, and GD3 were from ALEXIS corporation, Lãufelfingen Switzerland. Cholera toxin B subunit (BCT) was from Calbiochem, La Jolla, CA. Monoclonal antibodies and antibody fragments were repurified to ensure homogeneity, immediately prior to use in kinetic studies, by micropreparative HPLC (Nice, 1990 ) using a Superose 12 HR 3.2/30 size-exclusion column equilibrated in HBS buffer at a flow rate of 100 µl/min and connected to a SMART µHPLC system (Pharmacia Biotech, Uppsala, Sweden). Protein concentrations were determined by ultra-violet absorption at 280 nm using A 280 (1 mg/ml) of 1.46 for IgG, 1.53 for Fab and 1.48 for F(ab)′ 2 (Andrew and Titus, 1991) .
HPLC characterization of ganglioside solutions
Gangliosides GD3, GM2, and GM1 (1mg/ml in ethanol) were diluted 1/3 in HBS buffer and injected (100 µl sample) onto a micropreparative Superdex Peptide column (HR 3.2/30) equilibrated in HBS/ethanol (1/2 v/v) and connected to the SMART system. Elution was performed at a flow rate of 100 µl/min, and fractions (100 µl) were collected automatically. Fractions were dried using a SpeedVac concentrator (Savant instruments Inc., Farmingdale, NY) and resuspended in 100 µl HBS for biosensor analysis. GD3, GM2, and GM1 in the eluting fractions were detected by using immobilized anti-GD3 KM871 IgG, anti-GM2 KM966 IgG, or BCT, respectively.
Ganglioside immobilization
Ganglioside GD3 was dissolved in ethanol (1 mg/ml) while gangliosides GM1 and GM2 were dissolved (1 mg/ml) in 90% ethanol, 10% methanol (v/v). Dissolved gangliosides were stored at -20_C prior to use. For direct immobilization onto the gold (chip J) or carboxymethyldextran (chip CM5) surfaces, gangliosides were diluted 1/3 (v/v) in HBS buffer and injected (60 µl) at a flow rate of 5 µl/min over the unmodified surface. To facilitate retention of gangliosides by the sensor surface, the nonionic detergent Tween 20, which is generally used in HBS buffer to prevent nonspecific interaction, was omitted from the HBS buffer used in these experiments. After immobilization on chip J, remaining hydrophobic sites were blocked using BSA (60 µl, 1 mg/ml). Blocking was not found necessary with the CM5 surface.
GD3 was also covalently immobilized onto the CM5 sensor chip by photoactivated crosslinkage (Stein and Gerish, 1996) . Diaminoethane was first immobilized onto the sensor surface using NHS/EDC chemistry as described previously (Johnsson et al., 1991 ). The sensor chip was then removed from the instrument and the immobilization performed directly on the sensor surface in the dark. The heterobifunctional (NHS-ester and photoactivated) cross-linker SAND (Pierce, Rockford, IL) was added (50 µl, 5 mM in HBS buffer) and incubated for 15 min in order to achieve linkage via a NHS-ester onto the immobilized amino group. After washing with HBS buffer, the well of the sensor chip was filled with 50 µl of GD3 (1 mg/ml in ethanol, diluted 1/3 (v/v) in detergent free HBS buffer) and exposed to 5 bursts from a camera flashlight. After further washing with HBS buffer, the sensor chip was reinstalled in the BIAcore and 60 µl ethanolamine (1 M, pH 9.0) was injected over the surface at a flow rate of 2 µl/min in order to block remaining reactive groups.
Biosensor binding assays
Purified antibodies and antibody fragments were diluted in HBS buffer prior to analysis. Samples (30 µl) were injected over the sensor surface at a flow rate of 5 µl/min. Following completion of the injection phase, dissociation was monitored in HBS buffer for 360 s at the same flow rate. Residual bound antibody was desorbed, and the surface regenerated between injections, using 20 µl of 10 mM NaOH. This treatment did not denature the GD3 as shown by equivalent signals on reinjection of an antibody containing sample. Desorption of the GD3 with 80 mM octylglucoside or 20% n-propanol were used to demonstrate the hydrophobic character of the GD3 immobilization to the CM5 sensor chip.
To enable a comparison of the surface reactivity resulting from the different immobilization chemistries, the molar binding activities were calculated from the following equation: molar binding activity (Johnsson et al., 1991; Catimel et al., 1997) = (antibody response)(antigen M r )/(immobilized antigen response)(antibody M r ). The GD3 molecular weight used in this calculation was 1545 Da.
Surface specificity
To evaluate the specificity of the GD3 immobilized surface, anti-GD3 mAbs (KM871 IgG (IgG1/IgG3) (Shitara et al., 1993 and Fab′ fragment, KM641 IgG (IgG3) , R24 IgG (IgG3) (Welt et al., 1987) ), anti-GM2 mAb (KM966 IgG (IgG1/IgM) ), and nonrelated control mAbs (murine and humanized anti-colonic antigen A33 IgG (IgG2a and IgG1, respectively) and Fab′ fragment (Catimel et al., 1997) and anti-GM-CSF IgG (IgG1) ) were injected (30 µl at 100 µg/ml) over either GM1 or GD3 immobilized by hydrophobic interaction onto the CM5 sensor chip, a nonderivatized blank channel or a blank channel blocked with ethanolamine using the NHS/EDC chemistry.
To further demonstrate the specificity of the GD3/anti-GD3 mAb interaction, solution competition experiments were also performed in which KM871 IgG (1 µg) was incubated with GM1 or GD3 ganglioside (1-5 µg) for 30 min at 25_C prior to injection.
The surface availability of the GM1 ganglioside was also confirmed by binding to BCT. The reactivity of GM1, immobilized to the CM5 surface by hydrophobic interaction, was characterized by injecting varying concentrations (30 µl, 1600-150 nM) of BCT over the ganglioside surface. Desorption was achieved using 4 M MgCl 2 (Kuziemko et al., 1996) .
Kinetic analysis of biosensor data
The biosensor curves obtained following injection of monoclonal antibodies or antibody fragments over immobilized GD3 or GM2 were subtracted with the control signal obtained with the antibody injected over immobilized GM1 prior to kinetic analysis.
The apparent association rate (k a ) and dissociation rate (k d ) constants were calculated using both linear transformation of the primary data (Karlsson et al., 1991 ) (LR) and nonlinear least squares regression (NLLS) (O'Shannessy et al., 1993) as we have described previously (Nice et al., 1996; Catimel at al, 1997) . A valency of 2 has been assumed for IgG and F(ab)′ 2 and 1 for the Fab′ fragment. A valency of 5 was assumed for BCT (Gill, 1976) .
The affinity constant, K A , was also determined by equilibrium binding analysis (Karlsson et al., 1991; Nice et al., 1996) . K A is obtained from the slope of the graph obtained by plotting the biosensor data in Scatchard format (Req/nC versus Req where Req is the biosensor response at equilibrium, n is the valency, and C is the concentration).
Data were analyzed using the BIA Evaluation kinetics evaluation package supplied by Pharmacia Biosensor. The goodness of fit between experimental data and fitted curves was estimated for linear fitting routines from the coefficient of correlation, R 2 , and for nonlinear least squares fitting by chi-squared analysis using the equation:
x 2 + 1 S n (r f * r x ) 2 n * p where r f is the fitted value at a given point, r x is the experimental value at the same point, n is the number of data points and p is the number of degrees of freedom.
